INTRODUCTION
============

Muscle wasting is an important complication of aging as well of many diseases such as cancer, heart failure, sepsis, chronic obstructive pulmonary disease, and renal failure. The weakness caused by the muscle wasting decreases the quality of life and, when severe, results in death. The decrease in muscle mass is usually ascribed to atrophy of the myofibers arising from decreased protein synthesis and activated protein degradation (reviewed in [@B26]). The ubiquitin proteasome system (UPS) is consistently activated in atrophying muscle. In particular, two ubiquitin ligases, MuRF1 (Trim63) and MAFbx/Atrogin-1 (FbxO32) ([@B4]; [@B9]) appear important in this process. They are up-regulated in various forms of skeletal muscle wasting, and their inactivation results in less muscle loss in response to denervation ([@B4]), confirming their importance in mediating muscle atrophy.

Although previous work has emphasized the role of negative protein balance in myofiber atrophy in determining muscle wasting, altered myonuclear dynamics could also play a role in the muscle loss (reviewed in [@B27]; [@B6]). A loss of myonuclei has been reported to occur concomitantly with disuse atrophy of the myofibers ([@B1]). Similarly, recovery from wasting is not only due to net positive protein balance but may also involve myogenesis. During postnatal myogenesis, satellite stem cells in the muscle become activated and undergo both proliferation and differentiation. Muscle differentiation is regulated by a superfamily of basic helix--loop--helix transcription factors, referred to as myogenic regulatory factors, consisting of MyoD, Myf-5, myogenin, and MRF4 (reviewed in [@B3]). Induction of Myf-5 and MyoD results in differentiation of satellite cells into myoblasts ([@B25]). Subsequently myogenin and MRF4 are induced, which results in fusion of myoblasts and maturation of multinucleated myotubes ([@B11]). The UPS has also been shown to regulate myogenesis. Pax3, a transcription factor with an important role in embryonic myogenesis, is regulated by the ubiquitin ligase Taf1. Taf1 associates directly with and ubiquitinates Pax3, resulting in its degradation by the proteasome ([@B5]). MyoD ([@B29]) and myogenin ([@B14]) can also be degraded by the UPS.

Although much attention has been given to the study of ubiquitin ligases in muscle wasting and muscle differentiation, relatively little is known about the roles of deubiquitinating enzymes. Because deubiquitinating enzymes remove ubiquitin from substrates, they are also likely to be important in controlling ubiquitination in skeletal muscle. Our laboratory identified the USP19 deubiquitinating enzyme, and we and others found it to be induced in various conditions of atrophy in rodent skeletal muscle, including fasting, diabetes, dexamethasone treatment, cancer, and denervation ([@B8]; [@B16]; [@B23]). Depletion of USP19 in L6 muscle cells results in increased expression of myofibrillar proteins consistent with a role of this enzyme in promoting catabolism ([@B28]). Structurally, USP19 is expressed as two major isoforms; one with and the other without a C-terminal transmembrane domain (TMD), which confers endoplasmic reticulum (ER) membrane localization with the active site facing the cytosol ([@B10]). These two isoforms (herein referred to as USP19-CYT and USP19-ER) arise from differential splicing of the last exon of the gene. USP19 is up-regulated upon induction of ER stress, and overexpression of USP19-ER appears to rescue substrates from ER-associated degradation (ERAD; [@B10]). However, silencing of USP19 has an effect on degradation of one ([@B20]) but not other ([@B15]) substrates, and so the role of USP19 in ERAD remains unclear.

Our previous observations that silencing USP19 induced expression of myofibrillar proteins as well as myogenin in muscle cells suggested that USP19 might modulate muscle cell differentiation. Therefore we decided to determine whether USP19 is involved in and regulated during this process. In addition, we have tested whether specific isoforms of the enzyme are involved in this function. In so doing, we have discovered that deubiquitination by USP19 does modulate muscle cell differentiation and that this function requires the ER-localized isoform and appears to act through regulation of the unfolded-protein response (UPR) signaling.

RESULTS
=======

USP19 expression is up-regulated during muscle cell differentiation in an isoform-specific manner
-------------------------------------------------------------------------------------------------

We first explored whether USP19 was regulated during differentiation of both L6 and C2C12 myoblasts. Total USP19 mRNA levels increased ∼3.5-fold during differentiation in L6 myoblasts (Supplemental Figure 1, A and C), while protein levels increased by ∼1.5-fold in both L6 and C2C12 cells ([Figure 1A](#F1){ref-type="fig"} and Supplemental Figure 1, B and C). Because alternative splicing of the USP19 gene creates two distinct isoforms ([Figure 1B](#F1){ref-type="fig"}), we explored whether they are differentially regulated during myogenesis. Using isoform-specific primers targeting each isoform\'s unique C-terminal end, we observed that mRNA transcripts encoding the cytoplasmic isoform (USP19-CYT) showed a more robust up-regulation during differentiation compared with the ER-localized isoform (USP19-ER) ([Figure 1C](#F1){ref-type="fig"}*).* These findings indicate that USP19 cytosolic and ER-localized isoforms are differentially regulated during muscle cell differentiation and may play distinct roles in this process.

![USP19 expression is regulated during muscle cell differentiation in an isoform-specific manner. C2C12 myoblasts were plated and induced to differentiate. mRNA and protein from the samples were extracted on the indicated days in differentiation medium. (A) Shown at the top is a representative Western blot of USP19 protein from day 0 to day 6 of differentiation. Arrow identifies a nonspecific band. Shown below is the quantitation of USP19 protein levels (*n* = 6). Shown are means ± SE. \*, *p* \< 0.05 compared with day 0 (analysis of variance \[ANOVA\]). (B) Schematic depicting USP19-ER and USP19-CYT isoforms with common structural domains and unique C-terminal domains. The C-terminal TMD confers ER localization to the USP19-ER isoform. (C) Quantitative PCR for USP19 isoforms (*n* = 6). Shown are means ± SE. \*, *p* \< 0.05 compared with day 0 (ANOVA). Error bars are omitted in instances in which they are smaller than the data point symbol.](913fig1){#F1}

USP19 inhibits fusion of L6 myoblasts and expression of myogenin and major myofibrillar proteins
------------------------------------------------------------------------------------------------

Because USP19 is induced during differentiation, we tested whether depleting USP19 would adversely affect this process. Surprisingly, silencing of USP19 (by ∼80%) resulted in markedly enhanced myotube formation and fusion, the latter measured as the proportion of nuclei that were in myotubes ([Figure 2A](#F2){ref-type="fig"}). For determining whether overexpressing USP19 would have the opposite effect, L6 myoblasts were transduced with adenovirus expressing either USP19-ER or green fluorescent protein (GFP) as a control. Indeed, overexpression of USP19-ER by about fivefold delayed formation of myotubes ([Figure 2B](#F2){ref-type="fig"}). After 48 h of differentiation, cells transduced with adenovirus expressing GFP were ∼90% fused, whereas cells overexpressing USP19 were only ∼30% fused ([Figure 2B](#F2){ref-type="fig"}). After 72 h of differentiation, the percentage fusion of cells overexpressing USP19 became similar to the GFP control, but the myotubes were thinner and less sheet-like ([Figure 2B](#F2){ref-type="fig"}).

![USP19 inhibits fusion of L6 myoblasts and suppresses expression of myogenin and major myofibrillar proteins. (A) L6 myoblasts were transfected with control siRNA or USP19 siRNA (ALL) targeting all isoforms and allowed to differentiate for 4 d. Phase-contrast images of cell morphology on days 0, 2, and 4 of differentiation (top). Fusion index for cells transfected with USP19 (ALL) or CTL siRNA (bottom). The fusion index was the proportion of nuclei in myotubes (defined as cells with ≥2 nuclei). \*, *p* \< 0.001 compared with CTL (two-way ANOVA). (B) L6 myoblasts were infected with adenovirus expressing either GFP control or USP19-ER and allowed to differentiate for 3 d. Phase-contrast images of cell morphology on days 0, 2, and 3 of differentiation (top). Fusion index determined on days 0, 2, and 3 of differentiation and myotube diameter determined on day 3 of differentiation (bottom). \*, *p* \< 0.001 compared with GFP control (two-way ANOVA). (C and D) L6 myoblasts were infected with adenovirus expressing GFP control or USP19-ER. Cell lysates were prepared 24 h (C) or 48 h (D) after the cells were shifted into differentiation medium. Left, representative Western blots with the indicated antibodies. Right, quantitation from multiple samples of protein expression of myogenin, MHC, and tropomyosin (*n* = 3). Shown are means ± SE. \*, *p* \< 0.05 compared with GFP (*t* test).](913fig2){#F2}

Because we previously showed that the depletion of USP19 increases levels of major myofibrillar proteins as well as the myogenic regulatory factor, myogenin ([@B28]), we tested whether overexpressing USP19-ER would have the opposite effect. Protein levels of myogenin ([Figure 2C](#F2){ref-type="fig"}) and myosin heavy chain (MHC) and tropomyosin ([Figure 2D](#F2){ref-type="fig"}) were indeed decreased by more than 50% upon expressing USP19. These findings confirm that modulation of USP19 levels can regulate fusion and expression of myofibrillar proteins.

USP19 catalytic activity and ER localization are required for inhibition of muscle cell fusion and modulation of myogenin and major myofibrillar proteins
---------------------------------------------------------------------------------------------------------------------------------------------------------

To gain further insights into how USP19 functions, we tested whether these effects were mediated specifically by the USP19-ER isoform and whether its deubiquitinating activity was required. We therefore transduced C2C12 myoblasts with adenovirus expressing either USP19-ER, a catalytically inactive form (with mutation of its active-site cysteine to an alanine \[USP19-ER-CA\]), USP19-CYT, or GFP as a control. We switched to C2C12 cells to verify that these effects of USP19 were not limited to one muscle cell type as well as to avoid toxicity of adenoviral transduction, which was sometimes seen with L6 cells but not with C2C12 cells. The predicted subcellular localization (cytoplasmic or ER localized) of these adenovirally expressed USP19 isoforms was confirmed by immunofluorescence (IF) and confocal microscopy costaining for the Flag tag on the USP19 and calnexin, an ER marker (Supplemental Figure 2). As expected, USP19-CYT expression was diffuse throughout the cytoplasm, whereas the TMD containing USP19-ER and USP19-ER-CA displayed a mesh-like staining pattern consistent with the ER that colocalized significantly with the ER marker calnexin (Supplemental Figure 2). Overexpressing ER-localized USP19 in C2C12 cells delayed formation and fusion of myotubes, confirming the findings in L6 cells ([Figure 3A](#F3){ref-type="fig"}). Interestingly, the absence of either USP19 catalytic activity or the TMD prevented these effects on cell fusion. We also tested whether these requirements also applied to USP19 regulation of expression of myogenin and myofibrillar proteins. Levels of myogenin ([Figure 3B](#F3){ref-type="fig"}) and MHC and tropomyosin ([Figure 3C](#F3){ref-type="fig"}) are decreased by 40--50% upon USP19-ER overexpression compared with GFP control, but not upon overexpression of the USP19-ER-CA or USP19-CYT variants. Thus catalytic activity and ER localization appear essential for USP19 regulation of muscle cell fusion and expression of myogenin and myofibrillar proteins.

![USP19 catalytic activity and ER localization are required for modulation of C2C12 differentiation. (A) C2C12 myoblasts were infected with adenovirus expressing either GFP control or USP19-ER, USP19-ER-CA, or USP19-CYT and allowed to differentiate for 5 d. Representative examples of cell morphology on days 0, 3, and 5 of differentiation are shown on the left. The fusion index (right) was determined by counting the nuclei from three randomly selected images and determining the proportion of nuclei in myotubes (defined as cells with ≥2 nuclei). \*, *p* \< 0.001 compared with GFP (ANOVA). (B and C) C2C12 myoblasts were infected with adenovirus expressing GFP control or USP19-ER, USP19-ER-CA, or USP19-CYT. Cell lysates were prepared 24 h (B) or 48 h (C) after the cells were shifted into differentiation medium and then analyzed by Western blotting with the indicated antibodies. (B) Quantitation of myogenin. (C) MHC and tropomyosin levels (*n* ≥ 4). Quantitation displayed as mean ± SE. \*, *p* \< 0.05 compared with GFP (ANOVA).](913fig3){#F3}

Silencing of USP19-ER but not USP19-CYT increases expression of myofibrillar proteins and myogenin and enhances fusion
----------------------------------------------------------------------------------------------------------------------

To confirm the specific requirement of USP19\'s ER localization for its ability to modulate myofibrillar proteins, myogenin, and myotube fusion, we tested whether silencing the USP19-ER isoform specifically could reproduce the phenotype observed upon depletion of all USP19 isoforms. Because all available USP19 antibodies recognize both isoforms, the specificity of the ER and CYT small interfering RNA (siRNA) oligonucleotides toward their intended USP19 isoform(s) was confirmed by quantitative real-time PCR (qPCR) using primers directed toward the 3′ end sequences specific for the ER or CYT isoforms (Supplemental Figure 3, A and B). Quantification of total USP19 in transfected cells by Western blotting revealed a \>80% suppression of total USP19 levels when targeting both isoforms or the USP19-CYT isoform specifically, and ∼10--40% depletion when targeting the USP19-ER isoform specifically, indicating that the major portion of USP19 is located in the cytoplasm (Supplemental Figure 3C). Depletion of all isoforms of USP19 increased myogenin ([Figure 4A](#F4){ref-type="fig"}) and tropomyosin and MHC protein levels ([Figure 4B](#F4){ref-type="fig"}), as previously reported ([@B28]), and enhanced myotube formation and fusion ([Figure 4C](#F4){ref-type="fig"}). Indeed, silencing of the TMD containing USP19-ER isoform was sufficient to reproduce these effects ([Figure 4, A--C](#F4){ref-type="fig"}). In contrast, silencing of the USP19-CYT isoform by more than 80% at the protein level did not significantly alter any of these parameters. These results strongly implicate specifically the USP19-ER isoform in suppressing muscle cell differentiation and indicate that the ER localization of USP19 is essential for its functions in muscle cell differentiation.

![Isoform-specific siRNA silencing of USP19-ER but not USP19-CYT increases fusion and expression of myofibrillar proteins and myogenin. L6 myoblasts were transfected with control (CTL) siRNA oligonucleotides or oligonucleotides toward both isoforms of USP19 (ALL), the ER isoform, or the CYT isoform, and differentiated. Cell lysates were prepared 48 h (A) or 72 h (B) after the cells were shifted into differentiation medium and then analyzed by Western blotting (top) with the indicated antibodies. Arrow denotes nonspecific band. Shown below are quantitation of myogenin (A) and MHC and tropomyosin (B) protein levels. Quantitation displayed as mean ± SE (*n* ≥ 3). \*, *p* \< 0.05; \*\*, *p* \< 0.01 compared with CTL (*t* test). (C) Representative phase-contrast images of cell morphology and fusion at days 0 and 3 of differentiation (10× magnification).](913fig4){#F4}

USP19 suppresses differentiation-induced UPR signaling
------------------------------------------------------

The requirement of USP19 ER localization for its myogenic functions suggested a role for USP19 at the ER. Previous work by Nakanishi and colleagues revealed that a transient induction of ER stress is coincident with the differentiation-dependent appearance of MHC ([@B22]). This induction of ER stress occurs in a small subpopulation of myoblasts during the early stages of differentiation, can be detected by the appearance of the downstream UPR target gene and transcription factor CHOP, results in apoptosis, and is required for differentiation ([@B22], [@B21]). The transient induction of CHOP was confirmed in our hands by IF in C2C12 cells during differentiation ([Figure 5A](#F5){ref-type="fig"}). We therefore tested whether USP19 modulates this differentiation-dependent CHOP induction and, if so, whether it requires ER localization. Expressing USP19-ER in C2C12 cells attenuated induction of CHOP compared with GFP-expressing control cells ([Figure 5A](#F5){ref-type="fig"}). This effect required enzymatic activity and was not seen with USP19-CYT. Furthermore, silencing of all isoforms of USP19 had the converse effect, producing an approximately twofold increase in the number of CHOP-positive cells over CTL-transfected cells ([Figure 5B](#F5){ref-type="fig"}). Silencing only USP19-ER resulted in a similar increase in the number of CHOP-positive cells, whereas silencing of USP19-CYT did not exert any significant effect ([Figure 5B](#F5){ref-type="fig"}).

![USP19 suppresses differentiation-dependent induction of CHOP. C2C12 myoblasts infected with adenovirus expressing GFP control or USP19-ER, USP19-ER-CA, or USP19-CYT were differentiated. After fixation, the cells were probed for CHOP expression using indirect IF and visualized using a fluorescence microscope (40× magnification) on the indicated days of differentiation. (A) Representative images of indirect IF for visualization of CHOP (red) or DAPI (blue) on days 0 and 2 of differentiation (left). Quantification of CHOP-positive cells per view; displayed as average count from five images per group (*n* = 3, right). Shown are means ± SE. \*, *p* \< 0.01 compared with GFP (two-way ANOVA). (B) L6 myoblasts were transfected with control (CTL) siRNA oligonucleotides or oligonucleotides toward both isoforms of USP19 (ALL), the USP19-ER isoform, or the USP19-CYT isoform, and differentiated for 2 d. Cells were assessed for CHOP induction using indirect IF as in (A), and representative images from day 2 are shown (left). Quantification of CHOP-positive cells per view; displayed as average count from six images per group (*n* = 3, right). Shown are means ± SE. \*, *p* \< 0.05; \*\*, *p* \< 0.01 compared with CTL (two-way ANOVA).](913fig5){#F5}

Inducing ER stress in USP19-overexpressing muscle cells reverses the defect in myotube fusion
---------------------------------------------------------------------------------------------

These results suggested that USP19 inhibits muscle cell differentiation by suppressing the differentiation-dependent induction of the UPR during myogenesis. To test this possibility, we evaluated whether the fusion defect observed in muscle cells expressing ER-localized USP19 could be reversed by treatment with thapsigargin (Tg, inhibitor of an ER-specific calcium ATPase), which induces ER stress-dependent activation of the UPR. We used a low concentration (0.1 μM) that was still sufficient to induce CHOP and other markers of the UPR (Supplemental Figure 4). As shown previously (Figure 3), expressing USP19-ER in C2C12 cells significantly delayed myotube formation ([Figure 6](#F6){ref-type="fig"}). Cells infected with adenovirus expressing GFP were ∼80% fused after 4 d of differentiation, whereas USP19-ER--expressing cells were only ∼50% fused. Both of these fusion indices were higher than in earlier experiments because of growth on gelatin-coated plates (required to decrease the toxicity of Tg), which appears to enhance the rate of fusion. Interestingly, treating USP19-ER--expressing cells with a low concentration of Tg could reverse the fusion defect ([Figure 6](#F6){ref-type="fig"}). USP19-ER Tg-treated cells were \>75% fused at 4 d of differentiation, whereas USP19-ER untreated cells were \<50% fused. After 6 d of differentiation, Tg-treated USP19-ER--expressing cells maintained a significantly greater fusion index than untreated USP19-ER--expressing cells. Thus the ability of USP19 to modulate fusion appears to be via its effects on ER stress. The expression of USP19-ER did not modulate Tg induction of CHOP (Supplemental Figure 4), suggesting that there are qualitative and/or quantitative differences in the induction of UPR signaling by chemical inducers (e.g., Tg depletes ER calcium stores) versus differentiation.

![Induction of ER stress in myoblasts overexpressing USP19 reverses the defect in myotube fusion. C2C12 myoblasts were seeded on gelatin-coated plates and infected with adenovirus expressing either GFP control or USP19-ER. The day following infection, cells were treated with 0.1 μM Tg in dimethyl sulfoxide (DMSO) or DMSO alone for 30 min and switched into differentiation medium. The cells were fixed, stained with trypan blue, and visualized under a light microscope (10× magnification) on the indicated days. Representative phase-contrast images of cell morphology on days 0 and 4 of differentiation are shown (left). The fusion index was determined by counting the nuclei from three randomly selected images per group and determining the proportion of nuclei in myotubes (defined as cells with ≥2 nuclei; *n* ≥ 3, right). \*, *p* \< 0.001 compared with USP19-ER on the same day (two-way ANOVA).](913fig6){#F6}

USP19 knockout (KO) mice display enhanced muscle regeneration following cardiotoxin-induced muscle injury
---------------------------------------------------------------------------------------------------------

To determine whether the effects of silencing USP19 on muscle cell differentiation were relevant in vivo, we induced muscle injury by injecting cardiotoxin into the tibialis anterior (TA) of mice lacking USP19 and wild-type (WT) control littermates. As previously demonstrated ([@B30]; [@B31]), new myofibers containing centrally located nuclei can be readily identified in the injured muscle at 7 d following injury ([Figure 7A](#F7){ref-type="fig"}). Interestingly, the cross-sectional areas of these fibers were significantly larger in the USP19 KO muscles ([Figure 7, B](#F7){ref-type="fig"} and [C](#F7){ref-type="fig"}), consistent with the hypertrophic phenotype we observed upon silencing of muscle cells ([Figure 2A](#F2){ref-type="fig"}). We also tested whether USP19 regulated muscle gene expression in a manner similar to that observed in cultured muscle cells. Indeed, we observed enhanced expression of myogenin and myosin heavy chain in the muscle lacking USP19 ([Figure 7D](#F7){ref-type="fig"}). Interestingly, the other myogenic regulatory factors were not significantly affected, which was similar to what we had observed previously in muscle cells ([@B28]), indicating that USP19 exerts its effects on a pathway that regulates differentiation specifically at the level of myogenin gene expression ([Figure 7D](#F7){ref-type="fig"}). Interestingly, the expression of CHOP was also up-regulated in the USP19 KO muscle, suggesting that the effects of USP19 seen in muscle cells in vitro were relevant in vivo ([Figure 7E](#F7){ref-type="fig"}). These effects on gene expression were probably underestimated, as only part of the muscle is sufficiently injured to undergo regeneration.

![Enhanced muscle regeneration following injury in mice lacking USP19. The TA muscles of 8-wk-old USP19 WT and KO mice were injured with cardiotoxin and allowed to regenerate for 7 d. (A) Representative hematoxylin and eosin stain of TA muscles from USP19 WT and KO mice uninjured or at 7 d postinjury. (B and C) Cross-sectional areas of myofibers with centrally located nuclei at 7 d postinjury represented as average cross-sectional area (B) or distribution of fiber size (C). Fibers from 14 animals per genotype were quantified (*n* = 2500). \*, *p* \< 0.05. (D and E) Relative mRNA expression of myogenic genes (D) and CHOP (E) (*n* = 14). Shown are means ± SE. \*, *p* \< 0.05; \*\*, *p* \< 0.01.](913fig7){#F7}

DISCUSSION
==========

In these studies, we have demonstrated very clearly a role for a deubiquitinating enzyme in modulation of muscle cell differentiation. Previous work by us ([@B28]) and others ([@B24]), which primarily used silencing of all isoforms, showed that USP19 reduces fusion of myoblasts and the subsequent induction at a transcriptional level of expression of myogenin and myofibrillar proteins. In this work, we have significantly extended these findings in cultured cells, using both loss and gain of function of the individual USP19 isoforms, and in an in vivo model of myogenesis following injury. Furthermore, these effects on differentiation appear due to USP19-mediated down-regulation of UPR signaling. This conclusion is based on several observations. First, USP19 ([Figure 5](#F5){ref-type="fig"}) modulated the expression of CHOP, which had previously been shown to be the key marker of the ER stress response that occurs in only a small fraction of the differentiating myoblasts but is critical for differentiation ([@B22]). Second, the effects of USP19 on CHOP and differentiation ([Figures 2--5](#F2 F3 F4 F5){ref-type="fig"}) were mediated solely and coordinately by the ER-localized isoform and both required its deubiquitinating activity. Finally, reinitiation of the ER stress with Tg, which acts specifically at the ER, was sufficient to largely abrogate the effects of expressing USP19 on muscle cell differentiation ([Figure 6](#F6){ref-type="fig"}). To our knowledge, these findings demonstrate for the first time regulation of UPR signaling by endogenous levels of a deubiquitinating enzyme. The mechanisms by which CHOP expression is modulated by USP19 will require further study. The higher levels of CHOP mRNA seen during regeneration in the USP19 KO muscle suggest that USP19 modulates transcription of CHOP, but modulation of CHOP mRNA stability cannot be excluded. In either case, the effects of USP19 on CHOP induction would likely be indirect, as there is no evidence of USP19 localization in the nucleus, and direct action of USP19 on CHOP would likely stabilize it rather than lower its levels. A recent report demonstrates that overexpressing USP14 in cells expressing mutant Huntington protein results in decreased activation of the ER stress-activated kinase IRE1α and decreased cell toxicity ([@B13]). We attempted to determine whether USP19 modulates specific UPR signaling pathways, but our analyses have been limited by the small percentage of cells that manifest UPR activation during differentiation. In the case of USP19, we have also provided evidence that this modulation of UPR signaling may also occur in vivo during myogenic regeneration in response to muscle injury and that loss of USP19 can lead to a more rapid differentiation and larger myofibers ([Figure 7](#F7){ref-type="fig"}). Thus pharmacological inhibition of USP19 may be a novel approach to enhance recovery from muscle injury.

Previous studies from our group and others reported that USP19 is induced in skeletal muscle atrophying in response to a broad spectrum of catabolic conditions ([@B8]; [@B16]; [@B23]). Our recent studies have demonstrated that mice lacking USP19 do indeed lose less muscle mass and have less myofiber atrophy, indicating that USP19 also plays an essential role in the wasting that occurs in catabolic conditions (unpublished data). Although this effect of USP19 on myofiber growth and atrophy appears distinct from its effect on muscle cell fusion and differentiation, the two processes may be linked. He and colleagues recently described a defect in myoblast fusion in patients with cancer cachexia and demonstrated in tumor-bearing mice that this defect in fusion is required for the muscle wasting that occurs ([@B12]). Thus inactivation of USP19 may protect against muscle wasting by both increasing myofiber growth and enhancing myoblast fusion with myofibers.

A recent report describing studies in several non--muscle cell lines has concluded that ∼80% of endogenous USP19 is cytoplasmically localized but is largely found in the ER when overexpressed, leading the authors to suggest that the expression level of the enzyme affects localization ([@B15]). However, these studies only overexpressed the ER-localized isoform and did not consider the existence of a distinct cytoplasmic isoform. In contrast, our studies recognized the expression of two distinct isoforms with distinctive ER and cytoplasmic localizations. We found that the cytoplasmic isoform is more abundant, explaining the proportions in subcellular distribution of endogenous enzyme observed by Lee and colleagues. Although found at lower levels, the ER-localized form is shown here to be clearly the isoform that is both sufficient and necessary for USP19\'s effects on myoblast fusion and expression of myofibrillar proteins. A number of reports have suggested that deubiquitinating enzymes have functions that are not dependent on catalytic activity (e.g., [@B19]; [@B2]). In contrast, our studies have clearly demonstrated that USP19 catalytic activity is essential for its effects on differentiation and argue that USP19 is deubiquitinating an ER-localized protein that represses the ER stress response. Such a substrate remains to be identified at this time.

Our studies have also revealed for the first time that USP19 is itself regulated during differentiation. USP19 mRNA was induced three- to fourfold during differentiation. Notably, levels of USP19 protein increased by only 1.5-fold, indicating that there is posttranscriptional regulation of expression of USP19 during differentiation. Because USP19 inhibits differentiation, it was somewhat surprising to observe its induction during differentiation. Perhaps its role is to limit myofiber formation to an optimal degree of myoblast fusion. In addition, the induction of USP19 mRNA was largely due to induction of the cytoplasmic form of USP19. Indeed, at days 1 and 2, when the effects of modulating USP19 on fusion were very evident, there was no detectable change in expression of the USP19-ER mRNA. Possibly USP19 activity is modified posttranscriptionally, or the relevant substrates involved in this process become available to the enzyme at this time.

In summary, we have identified two important, linked functions for USP19: modulating muscle cell differentiation and the UPR. The involvement of the latter in many pathological conditions suggests that tuning USP19 activity could be a new approach to treatment of these conditions as well as for muscle wasting.

MATERIALS AND METHODS
=====================

Cell culture, transfection, and adenoviral transduction
-------------------------------------------------------

L6 rat myoblasts (Amira Klip, University of Toronto) or C2C12 mouse myoblasts (American Type Culture Collection, Manassas, VA) were cultured in α-MEM or DMEM (Gibco, Grand Island, NY), respectively, supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (growth medium) at 37°C with 5% CO~2~. Typically, cells were plated at a density (∼150,000 cells/well in a six-well plate) that would result in 75--80% confluence the following day. Cells were differentiated in α-MEM or DMEM supplemented with 2% FBS and 1% penicillin/streptomycin (differentiation medium), and the medium was replaced every 2 d.

For siRNA transfection, L6 cells at ∼75--80% confluence were transfected with 25 nM oligonucleotides (IDT; see Supplemental Table 1 for sequences) using Lipofectamine and Plus Reagent (Invitrogen) and following the manufacturer\'s protocol. Three hours after transfection, the transfection mixture was supplemented with an equal volume of α-MEM containing 20% FBS. The next day, the medium was replaced with differentiation medium.

Recombinant adenovirus expressing GFP, Flag-tagged rat USP19-ER, USP19-CYT, or USP19-ER-CA (catalytically inactive USP19 in which Cys-545 was mutated to Ala) was generated using AdEasy XL adenoviral vector system (Stratagene). The coding sequence was derived from the rat sequence and contained silent mutations rendering it resistant to the \#7 siRNA oligo that targets all isoforms ([@B18]). For generation of USP19-CYT, the non-TMD isoform, cDNA was prepared from rat testis RNA using the High Capacity cDNA Reverse Transcriptase kit (Applied Biosystems, Waltham, MA). The non-TMD region of USP19 was amplified from the cDNA by PCR using the following as primers: forward 5′- CAC TAC GGA GGC ATG ATC GG -3′ and reverse 5′- GAT TCT GCA GTT TGT CTA CGG ACC TGC TAA TCG ACC -3′. The forward primer is located in a region common to both isoforms and upstream of an *Acc*I restriction site. The reverse primer is complementary to the end of the coding region specific to the cytoplasmic isoform and includes an *Acc*I site distal to the stop codon. The amplified fragment was cloned into the pGEM-T vector (Promega). The resulting plasmid was digested with *Acc*I, and the fragment ligated into a pBluescript plasmid containing rat USP19, which had also been digested with *Acc*I in order to remove its TMD domain.

Viruses were amplified in AD-293 cells and collected as instructed in the protocol. Viral titer was measured by plaque assay using agarose overlay or by the AdEasy Viral Titer kit (Stratagene). For adenovirus infection, L6 or C2C12 cells at 75--80% confluence in six-well plates were exposed to 1 ml of growth medium containing virus at multiplicity of infection (MOI) of ∼80--120 to achieve similar levels of overexpression. Two hours later, 1 ml of growth medium was added to each well, and the cells were incubated for a further 18 h. Medium was then replaced with differentiation medium.

For studies involving exposure to Tg, C2C12 myoblasts (30,000) were seeded in 24-well plates precoated with 0.2 mg/ml gelatin (to enhance adhesion) and incubated overnight in growth medium. The next day, cells were infected with adenovirus as outlined earlier. The following day, when cells were fully confluent, the infection medium was removed and cells were washed once in phosphate-buffered saline (PBS) and then treated with 0.1 μM Tg in growth medium for 30 min to induce mild ER stress. For these studies, differentiation was induced by changing the medium to DMEM supplemented with 2% horse serum and 1 μg/ml insulin ([@B22]).

Determination of fusion index
-----------------------------

For quantifying fusion, cells were washed twice with PBS and fixed in 95% ethanol for 15 min. Following rinsing with PBS and staining in 0.2% trypan blue solution (Sigma-Aldrich) for 15 min, the cells were washed twice with PBS and overlaid with glycerol. The stained cells were visualized using a light microscope at 10× magnification. Nuclei were counted manually from three randomly chosen fields per experimental group (a total of 2000--3000 nuclei were counted for each experimental group). The fusion index was determined by calculating the percentage of total nuclei found in myotubes, which were defined as cells with two or more nuclei. For each protocol, at least one of the experiments was done with the observer blinded to treatment conditions, and similar and statistically significant results were obtained.

RNA analysis by qPCR
--------------------

RNA was isolated by solubilizing cells in 4 M guanidinium isothiocyanate; this was followed by phenol-chloroform extraction ([@B7]). Quantification was done using a NanoDrop LITE spectrophotometer (Thermo Fisher Scientific, Waltham, MA). cDNA was synthesized using 1 μg of RNA and the High-Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems). qPCR analysis was performed using SYBR-Green Reagents and a ViiA7 qPCR analyzer (Applied Biosystems) (see Supplemental Table 2 for primer sequences). Glyceraldehyde 3-phosphate dehydrogenase or porphobilinogen deaminase was used as a control gene in qPCR to normalize for variations in loading. Differences in target gene expression were determined using the ΔΔ-CT method ([@B17]).

Western blotting
----------------

Cells were washed once in PBS and lysed in 50 mM Tris (pH 7.5), 2% SDS; this was followed by scraping to collect the cell lysate. Following repeated aspiration of the lysate using a 23-gauge 1-ml insulin syringe to shear the DNA, the lysate was clarified on a tabletop microcentrifuge (Beckman) at 12,500 rpm for 15 min. The protein concentrations of the samples were determined by the BCA Micro Protein Assay (Thermo Fisher Scientific). Samples were subjected to SDS--PAGE, and the proteins were transferred onto 0.45-μm nitrocellulose membranes for Western blotting. Membranes were probed with primary antibodies (Supplemental Table 3) followed by either horseradish peroxidase--conjugated secondary antibodies and ECL (Thermo Fisher Scientific) with the chemiluminescent signals imaged using a cooled digital camera (Versadoc; BioRad) or by a radioiodinated secondary antibody with the radioactive signals detected by exposure to a phosphorimager screen and analysis with a phosphorimager (Typhoon; GE Healthcare). The latter was used to avoid signal saturation during fine quantitation. Protein signals were normalized to tubulin on the same blot to control for variations in loading and membrane transfer.

Immunofluorescence
------------------

C2C12 myoblasts (60,000) were seeded on glass coverslips in 24-well plates and incubated overnight in growth medium. The next day, cells were infected with adenovirus and then induced to differentiate as described under *Cell culture, transfection, and adenoviral transduction*. For analysis, cells were rinsed once in DMEM containing 10 mM HEPES and then fixed in 4% paraformaldehyde for 20 min. The cells were then rinsed twice as described under *Cell culture, transfection, and adenoviral transduction*; this was followed by a 1-h incubation in DMEM containing 10 mM HEPES, 2% FBS, 0.1% Triton X-100, and primary antibody (Supplemental Table 3). Following three washes in DMEM containing 10 mM HEPES, the cells were incubated for 1 h in DMEM containing 10 mM HEPES, 2% FBS, and fluorescently labeled secondary antibody. The cells were washed three times, incubated for 10 min with 4′,6-diamidino-2-phenylindole (DAPI) in PBS, rinsed two times with distilled water, and mounted on glass slides using ProLong Gold anti-fade reagent (Invitrogen, Carlsbad, CA). Slides were visualized as described using an Axio fluorescence microscope (40× magnification; Zeiss, Oberkochen, Germany) and MetaMorph imaging software.

In vivo muscle regeneration induced by cardiotoxin injury
---------------------------------------------------------

All animal studies were approved by the McGill University Animal Care Committee. Cardiotoxin (CTX) from *Naja mossambica mossambica* (Sigma) was prepared as a 10 μM solution in sterile saline. USP19 WT and KO mice (8 wk old; unpublished data) were anesthetized, and the hind legs were shaved and cleaned. Each TA muscle was injected with 50 μl CTX with a 28-gauge insulin syringe. When the animals were killed, one TA muscle was homogenized in 4 M guanidinium isothiocyanate, followed by phenol-chloroform extraction to isolate RNA, and the other was flash-frozen in isopentane for cryosectioning. cDNA was prepared with 750 ng RNA, and RT-PCR analysis was performed as described under *RNA analysis by qPCR*. TA muscles were sectioned at the midbelly in 9-µm sections and stained with hematoxylin and eosin. For cross-sectional area analysis, myofibers were visualized with anti-dystrophin antibody to identify the cell membrane and fluorescently labeled goat anti-mouse FITC (Sigma, St. Louis, MO) antibodies. Slides were visualized as described under *Immunofluorescence* but with 10× magnification. Approximately 200 myofibers with centrally located nuclei were analyzed per animal using ImageJ software.
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ANOVA

:   analysis of variance

CHOP

:   CCAAT/-enhancer-binding protein homologous protein

CTX

:   cardiotoxin

DAPI

:   4′,6-diamidino-2-phenylindole

DMSO

:   dimethyl sulfoxide

ER

:   endoplasmic reticulum

ERAD

:   ER-associated degradation

FBS

:   fetal bovine serum

GFP

:   green fluorescent protein

KO

:   knockout

MHC

:   myosin heavy chain

PBS

:   phosphate-buffered saline

qPCR

:   quantitative real-time PCR

siRNA

:   small interfering RNA

TA

:   tibialis anterior

Tg

:   thapsigargin

TMD

:   transmembrane domain

UPR

:   unfolded-protein response

UPS

:   ubiquitin proteasome system

WT

:   wild type.
